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Calcium ions are required in the medium for the full darkening action of melanocyte-
stimulating hormone, but not for its second messenger, cyclic adenosine monophosphate, 
on isolated frog skin. Thus, the possible effect of the divalent cation ionophore A23187 was 
studied. using the skin of R ana pipiens. It is a potent darkening agent over the range of 1-
2 JJ.M, as measured by reflectance change and microscopic observation. During the 
darkening response to A23187, melanosome dispersion takes place in both dermal and 
epidermal melanophores, as well as aggregation of iridophore reflecting platelets. The 
darkening is slowly reversible in Ringer's solution, thus it is not due to toxicity. The 
darkening is partially dependent on the presence of calcium in the medium under certain 
conditions, suggesting that the response involves both the uptake and release of calcium 
ions. Cytochalasin B reversibly inhibits the darkening produced by A23187. Since this drug 
is known to bring about the breakdown of microfilaments, its inhibitory action is in accord 
with the concept that the ionophore is stimulating microfilament function. A23187 admin-
istered to tissue cultured embryonic salamander <Ambystoma maculatum) melanophores 
produced an irreversible rounding up of the cells, suggesting a toxic effect. The results 
with frog skin are interpreted as supporting the concept that the action of melanocyte-
stimulating hormone involves the production of pigment granule movements as a result of 
the interaction of calcium ions with intracellular microfilaments and possible also the 
breakdown of microtubules. The mobilization of calcium ions could be brought about by 
cyclic adenosine monopbosphate. 
Calcium ions play an important role in the 
stimulation of melanosome dispersion in melano-
phores by melanocyte-stimulating hormone 
<MSHl. Thus, the in vitro darkening response of 
paled grass frog <Rana pipiens ) skin to a low 
concentration of MSH (2 frog skin units [FSU]/ 
ml) was inhibited an average of 57'k in Ca-free 
Ringer's solution (RS) containing ethylenediamine 
tetraacetic acid, (EDTA) [1]. Surprisingly, the 
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CCB: cytochalasin B 
DMSO: dimethyl sulfoxide 
EDTA: ethylenediamine tetraacetic acid 
EGTA: ethyleneglycol-bis(J3-aminoethyl etherJ-
N,N'-tetraacetic acid 
FSU: frog skin unit(s) 
GU: galvanometer units 
MSH: melanocyte-stimulating hormone 
PGE, : prostaglandin E, 
RS: Ringer's solution 
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effect of a higher MSH concentration (10 FSU/m)) 
was normal in this medium. Calcium or magne-
sium supported the action of MSH on tree frog 
(Hyla arborea l skin in the absence of sodium, 
and calcium was proposed as the coupling agent 
between MSH stimulation and melanosome dis-
persion [2]. High concentrations of calcium 
darkened the skin of R . pipiens [ 1] and H . arborea 
12], indicating that calcium entry can produce 
melanosome dispersion. Calcium is also required 
in the medium for the response of tissue cultured 
embryonic salamander melanophores to MSH, 
demonstrating that there is a calcium require-
ment for MSH action at the cellular level [3). 
More recently, a calcium requirement was found 
for MSH action on the melanophores of the South 
African clawed frog. Xenopus laeuis [4), and the 
American chameleon, Anolis carolinenis [5). 
The availability of ionopbore A23187 [6), a mi-
crobiological metabolite with the ability to electro-
neutrally transport divalent cations across mem-
branes, has made it possible to investigate further 
the role of calcium in melanophore control. Diva-
lent cation ionophores activate a variety of motile 
systems involving microfilaments, e.g., muscular 
contraction, exocytosis, and cytokinesis. Their 
chemical properties and numerous actions have 
been reviewed by Pressman [7). The action of 
A23187 is regarded as being highly specific, be-
cause of its ability to bring about the uptake or 
Nou.l977 
release of onJy divalent cations or the uptake of 
lanthanum [8], as well as its lack of action on the 
movement of monovalent cations. 
MATERIALS AND METHODS 
The frog skin studjes employed a reflectometric tech-
nique [9] and utilized the skins of commercially ob-
tained Mexjcan grassfrogs <R . berlandieri forreri ) <R . 
pipiens sensu. lato) of mixed sex. Dorsal thigh and leg 
skings were removed from double-pithed animals, ran-
domized, and initially paled by 4 rinses in RS of the 
following composition in gil of glass-distilled water: 
NaCl, 6.50; KCJ, 0.14; NaHCO,., 0.20, a nd CaC12 , 0.12. 
During pa ling, melanosomes aggregated in the mela-
nophores a nd reflecting platelets dispersed in the irid-
ophores. The skins were mounted on aluminum frames 
and placed epidermal side down in 20-ml beakers. An 
initial reflectance reading was taken with a Photovolt 
Photoelectric Reflection Meter, Model 610, set to read 
100 galvanometer units (GU) with the standard red 
f1lter and white plate. Darkening was measured as the 
decrease in reflectance (t1GU) that took place after the 
addition of the ionophore. Mean values were obtained 
and evaluated for statistical significance by the t-test. 
Paling was measured as the increase in refJectance 
that occurred after transfer to RS or as "'percent pal-
ing." calculated by dividing the increase in reflectance 
by the total decrease in reflectance and multiplying by 
100. A23187 <Eli Lilly and Co. ) and cytochalasin B 
<CCB) <Imperial Chemical Industries, Ltd.) were made 
into stock solutions of 1 rng/ml in dimethyl sulfoxide 
(DMSO) and appropriately diluted with RS. DMSO in 
RS served as the control. Skin darkening was moni-
tored visually and some skins were fixed overnight 
110] in a stretched condition, dehydrated, and mounted 
for microscopic observation. 
RESULTS 
A23187 had a pronounced darkening action on 
the isolated frog skin, as measured by reflectome-
try (Fig 1). The darkening was concentration 
dependent over the range of 1-2 fJ-M (Fig 2). 
Higher concentrations did not produce a greater 
response. DMSO had no significant effect at any 
concentration used. The higher the ionophore con-
centration, the lower was the rate of subsequent 
paling in RS (Fig I). Eight skins darkened by 2 
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FlG 1 The darkening effect of inophore A23187 on 
isolated, paled frog skins. Each point is the mean of 
from 2 to 18 individual readings. Note that paling in RS 
took place either extremely slowly or not at all in the 
time depicted. 
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JJ.M A23187 paled an average of 47% in 40 min and 
53% in 220 min, although one skin had paled 
100% at 90 min. On the other hand, 4 skins 
darkened by 20 f-I.M A23187 paled an average of 
only 1% in 40 min and 38% in 220 min, although 
one skin had paled 100% aft-er 370 min. Thus, 
paling of A23187-darkened skin occurred ex-
tremely slowly, but a few skins paled completely. 
The darkening was accompanied by changes in 
the skin chromatophores (Fig 3). Whereas the 
control solution of 1% DMSO in RS had no percep-
tible effect on dermal melanophores (Fig 3B), 
iridophores (Fig 3D ), or epidermal melanophores 
(Fig 3F), 20 J.LM A23187 caused melanosome disper-
sion in dermal melanophores (Fig 3A), aggrega-
tion of iridophore reflecting platelets (Fig 3C), 
and melanosome dispersion in epidermal melano-
phores (Fig 3E). 
The effect of the calcium content of the RS was 
also studied (Table). Control responses are given 
in line 1. Pretreatment with Ca-free RS did not 
affect the subsequent response to A23187 in nor-
mal RS <line 2). However, the mean response in 
Ca-free RS after 15 min pretreatment was 45% 
lower than the response in normal RS (line 3), 
although this difference was not statistically sig-
nificant (P > 0.05), because of the large standard 
errors of the measurements. This lower darkening 
in Ca-free RS was associated with a decrease in 
the iridophore response. but no appreciable differ-
ence in the response of the melanophores. Thus, 
EGTA was added to the RS and pretreatment 
again bad no effect on the subsequent response in 
normal RS (line 4). However, the response in this 
medium was reduced 30% dine 5) and this inhibi-
tion was statistically significant (P < 0.025), be-
cause of the small standard errors obtained. The 
inhibition involved the response of both irido-
phores and melanophores. Although these data 
indicate that the response is reduced in the ab-
sence of calcium, there remains a significant com-
ponent that persists, even in the presence of the 
specific calcium chelator, EGTA. 
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FIG 2 Concentration dependence of the darkening 
effect of A23187 on isolated frog skin. Each point is the 
mean ± standard error of from 4 to 22 individual r ead-
ings. The treatment period was 45 min. 
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FIC 3. The action of A23187 on frog skin chromatophores. Photomicrographs of fixed , mounted preparations of 
frog skin after45 min treatment with 20 J.LM A23187 (10 J.Lg/m)) in 1~ DMSO in RS (A , C,EJ or with the 1~ DMSO 
diluent control in RS (8 , D, F ). Bright-field illumination unless indicated otherwise. The bar represent 50 J.LM. 
A , Dermal malanophores. Note the dispersion of melanosomes produced by A23187. B , Dermal melanophores 
(arrow ). Note the aggregated melanosomes in the control solution. C, Dark-field, iridophores. Note the aggre-
gated reflecting platelets (*) produced by A23187. D, Dark-field, iridophores (arrow ). Note the dispersed reflecting 
platelets in the control solut1on. E, Epidermal melanophores (arrow >. Note the dispersed melanosomes produced 
by A23187. F, Epidermal melanophores (arrow). Note the aggregated melanosomes in the control solution. 
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Cytochalasin B had a strong inhibitory action 
on A23187-induced darkening, although pretreat-
ment was required to demonstrate the inhibition. 
A higher concentration of the ionophore was delib-
erately chosen for the CCB experiments, so that 
ionophore concentration would not be a limiting 
factor. If CCB was added at the same time as the 
ionophore, the response was unaffected (line 6). 
However, if the skins were pretreated, the re-
sponse was inhibited 71 o/C and the difference was 
highly significant (P < 0.01) Cline 7). The inhibition 
was partially r eversible, for 4 skins which failed 
to darken in CCB, darkened an average of 15 GU 
after treatment with the ionophore for 105 min in 
RS. 
DISCUSSION 
The action of A23187 on frog skin chromato-
phores probably results from an increase in cellu-
lar free calcium, resulting from both calcium up-
take from the medium and calcium release within 
the cell. Magnesium is very likely not involved, 
because it is absent from RS, inhibitory to MSH 
action, and does not replace calcium in permitting 
the response of R. pipiens skin to a low concentra-
tion of MSH [Novales, unpublished data]. The 
ionophore brings about calcium uptake by cells 
[7]. It also causes calcium release from mitochon-
dria [6] and sarcoplasmic reticulum [7]. The con-
centration dependence of A23187 action on calcium 
uptake by rat erythrocytes [6) is almost identical 
to that seen for frog skin darkening (Fig 2), 
further supporting calcium uptake as the likely 
mechanism for the effect. Another possibility is 
that the ionophore is acting by increasing the 
cAMP content of the chromatophores, since cAMP 
is the second messenger for MSH action [11). 
A23187 increased the cAMP concentration of pan-
creatic islets [ 12]. but decreased the cAMP concen-
tration in i5olated fly salivary glands [13]. The 
action of the ionophore on the cAMP concentration 
of rat bone cells is biphasic. a low concentration 
(0.3 p.g/mll increasing and a high concentration 
{1-10 p.g/mll decreasing [14]. Still another possi-
bility is that the ionophore is triggering the 
release of catecholamines from peripheral nerve 
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terminals [15], followed by melanophore stimula-
tion via ,8-adrenergic receptors [16]. However, the 
.B-adrenergic blocker, propranolol (73 p.M), had no 
effect on the response to 20 p.M A23187, making 
this last explanation unlikely. 
The inhibitory action of CCB is in accord with 
the hypothesis that microfilaments are required 
for the dispersing action of the calcium made 
available by A23187. CCB also inhibits the action 
ofMSH [17] or Bt1cAMP [18] on frog skin melano-
phores and iridophores [18] and this inhibition is 
accompanied by a loss of 10-nm filaments (neuro-
filaments) from the epidermal melanophores [19]. 
Furthermore, MSH or BtzcAMP action is associ-
ated with an increase in neurofilaments and a 
decrease in microtubules in the melanophores 
[20). In this connection, A23187 was reported to 
counteract the breakdown of microfilaments and 
the inhibition of neurulation produced by papav-
erine in Ambystoma maculatum [21], as well as 
producing a caJcium-dependent degradation of mi-
crotubules in the heliozoan axopodium 122]. Thus, 
both stimulation of neurofllaments and degrada-
tion of microtubules could be involved in the 
action of the ionophore on melanophores. 
An attempt was made to extend these results to 
embryonic tissue-cultured melanophores of the 
spotted salamander, A . ma.culatum , cultured and 
perfused as previously described 123]. A23187 had 
no effect at 2 p.M, but produced an irreversible 
rounding up at 20 p.M, indicating a toxic effect. 
This effect was similar to that of PGE, on these 
cells [241, which may be related to the known 
ability of PGE1 to affect calcium retention in rat 
fundic strips [25]. Thus, PGE, may be acting as 
an ionophore in producing these and certain other 
effects. Sauk [26) also found that A23187 concen-
trations greater than 10 J.LM were toxic to cultured 
B-16 mouse melanoma cells. However, lower con-
centrations of A23187 (1 p.M) caused an immediate 
elongation and extension of processes. similar to 
the effect of BtlcAMP on these cells. This was 
accompanied by enhanced uptake of "Ca in re-
sponse to the ionophore. which was effective at 
concentrations similar to those required in the 
present study. A23187-treated melanoma cells had 
The effect of vanous factors on the darkening effect of A23187 on paled frog skin" 
Pretreatment ll5 minl Treatment (30 min) 
30 min Darkening (.t.GU)" A23187 concentration 
( ,_.Ml 
1. RS 
2. Ca-free RS 
3. Ca-free RS 
4. Ca-free EGTA-RS' 
5. Ca-free EGTA-RS 
6. RS 
7. RS + CCB 
RS 
RS 
Ca-free RS 
RS 
Ca-free EGTA-RS 
RS + CCB" 
RS + CCB 
"Skins paled initially with 4 rinses of Ringer's solution (RS>. 
2 
25 = 3 (6) 
29 = 5 (8) 
16 = 4 (8) 
27 ::!: 2 (7) 
19 ::: 2 (7) 
20 
26 = 3 (16) 
21 ::!: 3 (6) 
6::!:2 (7) 
b Figures are galvanometer units (GU). means::!: standard errors; numbers of skins in parentheses. 
,. EGTA concentration, 1 mM 
'
1 CCB concentration, 10 ~J.g/ml 
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abundant 10-nm microfilaments but lacked micro-
tubules, thereby resembling frog melanophores 
with dispersed melanosomes [20]. 
In conclusion, whatever the mechanism for the 
effect, divalent ionophores duplicate the action of 
both MSH and cAMP on frog skin chromato-
phores. These results further support the concept 
[2] that calcium ions play an important role in 
the triggering of pigment granule movements i<~ 
these cells. MSH could be acting first to increase 
cAMP concentration, followed by an increase in 
cellular free calcium caused by the cAMP, along 
the lines reviewed by Rasmussen, J ensen, and 
Lake et a1 L27]. A23187 also mimics the action of 
parathyroid hormone on bone cells [14] and of 
glucose on insulin release in pancreatic beta-cells 
[12]. It may thus prove to be a useful tool for the 
study of hormonal actions. 
The author thanks Dr. Robert J . Hosley of the Eli 
Lilly Company for the A23187 as well as Ms. Barbara 
Jean Novales for technical assistance near the end of 
the work. 
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